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A B S T R A C T   

Adiponectin and leptin are major adipocytokines that control crosstalk between adipose tissue and other organ 
systems. Hypoadiponectinemia and hypoleptinemia are associated with human metabolic diseases. Compounds 
with adipocytokine biosynthesis-stimulating activities could be developed as therapeutics against diverse 
metabolic conditions. In phenotypic screening with human bone marrow mesenchymal stem cells (hBM-MSCs), 
(E)-4-hydroxy-3-(3-(4-hydroxy-3-methoxyphenyl)acryloyl)-6-methyl-2H-pyran-2-one (1) was identified to in-
crease adiponectin biosynthesis during adipogenesis and simultaneously to stimulate leptin production. Using 
the compound 1 structure, the structure-activity relationship study was performed to discover more potent 
compounds stimulating both adiponectin and leptin production. (E)-3-(3-(2-fluoropyridin-4-yl)acryloyl)-4-hy-
droxy-6-methyl-2H-pyran-2-one (11) exhibited the most potent adiponectin (EC50, 2.87 μM) and leptin (EC50, 
2.82 μM) biosynthesis-stimulating activities in hBM-MSCs. In a target identification study, compound 11 was 
characterized as a dual modulator binding to both peroxisome proliferator-activated receptor (PPAR) γ and 
glucocorticoid receptor (GR). This study provides a novel pharmacophore for PPARγ/GR dual modulators with 
therapeutic potential against human metabolic diseases.   

1. Introduction 

Adipocytes in normal fat tissues produce diverse adipocytokines that 
can regulate metabolic crosstalk between fat and other tissues, including 
the muscle, liver, and brain [1]. Adipocytokines with autocrine, para-
crine, and hormonal functions play critical roles in regulating systemic 
metabolic homeostasis. Adiponectin affects the regulation of lipid 
metabolism, insulin sensitivity and, inflammatory processes [2]. Leptin 
acts centrally on the hypothalamus to regulate food consumption and 
energy balance. In addition to its central role, leptin exerts a regulatory 
role in peripheral tissues. For example, leptin directly promotes fatty 
acid oxidation in adipose tissues and the liver [3]. Genetic poly-
morphisms or defects in both adiponectin and adiponectin receptor have 

been associated with various metabolic diseases [4]. In patients with 
lipodystrophy, deficiency of adiponectin and leptin can cause severe 
insulin resistance and metabolic complications [5]. Relative hypo-
leptinemia has also been reported in type I and type II diabetic patients 
[6]. In this regard, compounds capable of stimulating adiponectin 
and/or leptin production in adipocytes have been suggested as novel 
therapeutics for diverse metabolic diseases [7]. 

To discover adipocytokine biosynthesis-stimulating compounds, 
phenotype-based approaches can be designed using the adipogenesis 
model of human bone marrow mesenchymal stem cells (hBM-MSCs) 
[8–10]. Adiponectin biosynthesis-stimulating compounds can be iden-
tified during adipogenesis in hBM-MSCs by co-treatment with an 
adipogenesis-inducing chemical cocktail consisting of insulin, 
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dexamethasone and 3-isobutyl-1-methylxanthine (IDX condition). 
Compounds capable of stimulating leptin production can be screened by 
employing differentiated adipocytes derived from hBM-MSCs. Interest-
ingly, hBM-MSCs produce leptin in response to glucocorticoids such as 
dexamethasone [11]. Phenotypic screening of hBM-MSCs revealed that 
(E)-4-hydroxy-3-(3-(4-hydroxy-3-methoxyphenyl)acryl-
oyl)-6-methyl-2H-pyran-2-one (1), a natural compound isolated from 
Pogostemon heyneanus, increased adiponectin production during adipo-
genesis in hBM-MSCs, as well as stimulated leptin production in 
hBM-MSCs. In the present study, we aimed to synthesize more potent 
compounds with adiponectin and leptin production-stimulating activ-
ities based on the chemical structure of compound 1 for target 
identification. 

2. Results and discussion 

2.1. Synthesis of compound 1 derived from the P. heyneanus and its 
analogs 

Scheme 1 describes the synthesis of compound 1 and its analogs, 
with variations in the vanillin region. We performed aldol condensation 
of dehydroacetic acid with the appropriate aldehyde in the presence of 
piperidine in chloroform under reflux, which afforded compounds 1–16 
in moderate to high yields. The (E) geometrical isomer was obtained in 
the major form and was confirmed based on the integration and 
coupling constant (>15 Hz) of the chalcone group from the 1H NMR 
experiment. The purity of compounds 1–16 was confirmed by high- 
pressure liquid chromatography (HPLC) with two different solvent sys-
tems (acetonitrile/water and methanol/water; Supplementary 
Figs. S17–S48). 

2.2. Validation of adipocytokine biosynthesis-stimulating activity of the 
synthetic compound 1 in hBM-MSCs 

To evaluate the adipocytokine biosynthesis-stimulating activities of 
P. heyneanus derived (E)-4-hydroxy-3-(3-(4-hydroxy-3-methoxyphenyl) 
acryloyl)-6-methyl-2H-pyran-2-one (GPL3A04) and its synthetic com-
pound 1, hBM-MSCs-based phenotype assay was performed. The natu-
rally isolated compound 1 and its synthetic compound 1 significantly 
promoted adiponectin production by 3.30- and 3.18-fold at 30 μM when 
compared with the IDX control, respectively (Fig. 1A). On measuring 
lipid accumulations levels of differentiated hBM-MSCs using Oil Red O 
staining, compound 1 increased the number of lipid droplets when 
compared with that of the IDX control (Fig. 1B). Positive controls, pio-
glitazone and glibenclamide, also increased lipid droplet formation 
during adipogenesis in hBM-MSCs, as reported in the literature [12–14]. 
However, the effects of compound 1 were less potent than those of gli-
benclamide and pioglitazone. To compare the leptin 
biosynthesis-stimulating activities of naturally isolated compound 1 and 
synthetic compound 1, hBM-MSCs were treated with the respective 
compounds, and leptin secretion was quantified using ELISA (Fig. 1C). 
Synthetic compound 1 significantly increased leptin biosynthesis by 
2.58-fold at 30 μM when compared with Dulbecco’s Modified Eagle 
Medium (DMEM) control and was as potent as that of the naturally 
isolated compound 1 (Fig. 1D). Therefore, the adipocytokine 
biosynthesis-stimulating activity of naturally isolated compound 1 in the 
chemical library was validated using its synthetic compound 1. 

2.3. Chemistry for the structure-activity relationship study 

Compound 1 exhibited significant adipocytokine biosynthesis- 
stimulating activity for both adiponectin and leptin, however, its 

Scheme 1. Synthetic route for the synthesis of chalcone analogs. Reagents and conditions: (a) appropriate aldehyde (1 equiv), piperidine (0.8 equiv), CHCl3, reflux, 
6–16 h. 
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effect on leptin was insufficient for use in subsequent target identifica-
tion studies. Thus, new compounds were synthesized to find compound 
1 derivatives with potent adipocytokine biosynthesis-stimulating ac-
tivity. Compound 1 contained 2H-pyran-2-one, chalcone and 4-hydroxy- 
3-methoxyphenyl moieties. We focused on the structural modification of 
the substituted phenyl moiety while leaving the 2H-pyran-2-one and 
chalcone regions intact. The substituents (4-OH and 3-OCH3) of com-
pound 1 were replaced with –H, –F, –OH, –CH3, and –OCH3 to determine 
the effect of substituents on the adipocytokine biosynthesis-stimulating 
activity. The phenyl ring was replaced by a heteroaromatic ring (e.g, 
pyridine, indole, furan, thiophene). 

2.4. Adipocytokine biosynthesis-stimulating activities of novel compound 
1 derivatives 

The adipocytokine biosynthesis-stimulating activities of novel syn-
thetic derivatives were evaluated in hBM-MSCs. Compared with the IDX 
control, compounds 1–16, except 9, significantly increased adiponectin 
production, as determined in the adipocyte differentiation model of 
hBM-MSCs (Table 1). In the leptin biosynthesis-stimulating activity 
assay in hBM-MSCs, compounds 1, 3, 8, 10, 11, 12, 14, 15, and 16 
significantly stimulated leptin production when compared with the 
medium control; however, 2, 4, 5, 6, 7, 9, and 13 did not alter leptin 
biosynthesis. Considering the structure-activity relationship with adi-
pocytokine biosynthesis-stimulating activity, the conversion of phenyl 
residue to pyridine or 2-fluoropyridine afforded robust adipocytokine 
biosynthesis-stimulating activity. In addition, when the phenyl group of 

compound 1 was substituted with heteroaryl moieties such as thiophene 
or furan, the leptin production-stimulating activity was increased. 
Among the adipocytokine biosynthesis-stimulating compounds, com-
pounds 10 and 11 were selected for subsequent concentration-effect 
analysis, given their potent stimulatory effects on adipocytokine 
biosynthesis. For the concentration-effect analysis of adiponectin pro-
duction, the half-maximal effective concentration (EC50) values were 
calculated by setting the maximal effect of pioglitazone, a currently 
prescribed PPARγ agonist, to 100%. The EC50 values of compounds 10 
and 11 were 9.3 and 2.9 μM, respectively, which were less potent than 
pioglitazone (EC50 0.6 μM) (Fig. 2A). The EC50 values were calculated 
based on the maximum effect of dexamethasone as 100% for the 
concentration-effect analysis of leptin production. The EC50 values for 
compounds 10 and 11 were 8.5 and 2.2 μM, respectively (Fig. 2B). 

2.5. Target identification of adipocytokine biosynthesis-stimulating 
compounds 10 and 11 

Transcription-regulating nuclear receptors such as PPARα, PPARγ, 
PPARδ, farnesoid X receptor (FXR) and GR are associated with the 
cellular regulation of the adipocytokine biosynthesis in mammalian 
adipocytes [15–17]. Radioligand-binding assays were performed on 
nuclear receptors to identify molecular targets of compounds 10 and 11 
mediating the adiponectin and leptin biosynthesis-stimulating activities. 
In the radioligand-binding assay, compounds 10 and 11 competitively 
bound to PPARγ and GR, however, did not replace the labeled ligand 
competitive binding to PPARα and PPARδ (Fig. 3A). In a 

Fig. 1. Validation of the adipocytokine biosynthesis- 
stimulating activity of Pogostemon heyneanus-derived 
compound 1 (code: GPL3A04) with its synthetic 
analog compound 1. (A) To evaluate adiponectin 
production-stimulating activity of GPL3A04 and its 
synthetic analog compound 1, compounds were co- 
treated with the adipogenesis-inducing chemical 
cocktail (IDX) medium in hBM-MSCs. The IDX me-
dium with compounds was changed on the third and 
sixth day. On the seventh day, the cell culture su-
pernatants were collected and the level of adipo-
nectin was evaluated using an enzyme-linked 
immunosorbent assay (ELISA). Aspirin, glibencla-
mide, and pioglitazone were used as positive controls. 
(B) To detect the lipid droplet induction within 
cultured cells, Oil Red O (ORO) and hematoxylin 
staining were performed on the seventh day. (C) 
Relative ORO staining quantification was measured at 
540 nm. (D) To quantify leptin production- 
stimulating activity of GPL3A04 and its synthetic 
analog compound 1, compounds were treated with 
high glucose DMEM medium in hBM-MSCs. The 
DMEM medium with compounds was exchanged on 
the third, sixth, and ninth days. On the tenth day, the 
cell culture supernatants were collected and the level 
of leptin was evaluated using ELISA. Dexamethasone 
was used as a positive control. Values represent the 
means ± SD (n = 3); *p ≤ 0.05, #p ≤ 0.05 and **p ≤
0.01.   
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concentration-response assessment of GR binding, the Ki value of 11 was 
33.6 μM, which was not as potent as dexamethasone (Ki value 2.9 nM). 
Although 10 significantly bound to GR when compared with vehicle 
control, the Ki value was not derived, as it replaced only 43.3% at 30 μM 
(Fig. 3B). In a concentration-response analysis of PPARγ binding, Ki 
values for compounds 10 and 11 were 12.9 and 3.3 μM, respectively 
(Fig. 3C). In addition, previous studies have reported that inhibition of 
PPARγ phosphorylation by cyclin-dependent kinase 5 (CDK5) could 
modulate adipocytokine biosynthesis [18,19]. On examining the effect 
of compounds 10 and 11 on CDK5 activity, neither compound exerted 
any effect on CDK5 activity at concentrations up to 30 μM (Fig. 3D). 
Therefore, the adipocytokine biosynthetic activity of compounds 10 and 
11 in hBM-MSCs was attributed to the dual modulation of PPARγ and 
GR. 

2.6. Polypharmacological evaluation of compounds 10 and 11 

Next, to determine the polypharmacological profile of compounds 
10 and 11 for PPARγ and GR, full agonists or antagonists were co- 
administered with compounds 10 or 11 in hBM-MSCs (Fig. 4). First, to 
validate whether compounds 10 and 11 are full or partial PPARγ ago-
nists, both compounds were co-treated with pioglitazone, a full agonist 
of PPARγ, or T0070907, an antagonist of PPARγ in hBM-MSCs. Simi-
larly, compounds 10 and 11 also stimulated adiponectin production in a 
concentration-dependent manner when treated alone, and the 
adiponectin-promoting effect was antagonized when treated with 
T0070907. This indicates that the adiponectin biosynthesis-stimulating 
effects of compounds 10 and 11 are dependent on the PPARγ agonistic 
effect. Co-treatment with compound 10 and 1 μM pioglitazone exhibited 
additive adiponectin biosynthesis-stimulating effects, suggesting that 
compounds 10 functioned as a PPARγ full agonist (Fig. 4A). Compound 
11 was also determined as a PPARγ full agonist (Fig. 4B). Next, com-
pounds 10 and 11 were co-treated with the GR agonist, dexamethasone, 

a GR full agonist, or mifepristone, a GR antagonist in hBM-MSCs. 
Dexamethasone increased leptin levels in a concentration-dependent 
manner, whereas 1 μM the mifepristone antagonized the 
dexamethasone-induced leptin biosynthesis. Furthermore, following co- 
treatment with dexamethasone, compound 10 exhibited an additive 
leptin biosynthesis effect in hBM-MSCs and mifepristone antagonized 
the leptin biosynthesis induced by compound 10 (Fig. 4C). Similar re-
sults were obtained when compound 11 was examined under the iden-
tical conditions (Fig. 4D). These results indicated that compounds 10 
and 11 functioned as GR full agonists. Taken together, compounds 10 
and 11 have pharmacophores of PPARγ and GR dual agonists. 

2.7. Molecular modeling of GR and PPARγ with compound 11 

In radioligand-binding assays, compound 11 directly interacted with 
PPARγ and GR. To elucidate the binding mode of compound 11, mo-
lecular modeling studies of compound 11 with PPARγ and GR were 
performed using the GR and PPARγ protein crystal structures in the 
RCSB Protein Data Bank (PDB) (Fig. 5). First, molecular interaction 
models of compound 11 or pioglitazone within the ligand-binding 
domain (LBD) of PPARγ were analyzed using the PDB PPARγ structure 
2PRG [20]. Pioglitazone, a PPARγ full agonist, formed a C-shaped 
arrangement centered on helix 3 in the PPARγ LBD and formed 
hydrogen bonds with Gln 286, His 323, and Tyr 473 (Fig. 5A). Ligand 
interactions with Tyr 473 stabilize the H12 of the PPARγ LBD, which is 
essential for recruiting diverse coactivator proteins that regulate the 
transcription of PPARγ target genes [21]. In addition, Met 346 formed a 
pi-sulfur interaction and Cys 285, Arg 288, Leu 330, and Ile 341 estab-
lished pi-alkyl interactions with pioglitazone within the PPARγ-LBD 
(Fig. 5A). Similar to pioglitazone, the energy-minimized model revealed 
that compound 11 formed a C-shaped arrangement around H3 (Fig. 5B). 
Amino acid residues, Cys 285, Gln 286, Ser 289, His 323, His 449, and 
Tyr 473 in PPARγ-LBD interacted with compound 11 via hydrogen 

Table 1 

Adipocytokine biosynthesis-stimulating activities of novel compound 1 derivativesa.

Cpd R1 R2 R3 R4 Adiponectin (pg/ml) at 10 μMb Leptin (pg/ml) at 10 μMc 

1 OCH3 OH H  399 ± 60** 82 ± 40* 
2 OH OH H  243 ± 48* 16 ± 3 
3 OCH3 OCH3 H  747 ± 34** 80 ± 48* 
4 H H H  580 ± 106** 38 ± 30 
5 CH3 CH3 H  438 ± 71** 17 ± 57 
6 OCH3 F H  567 ± 91** 40 ± 27 
7 H F H  576 ± 76** 30 ± 59 
8 F F H  432 ± 68** 76 ± 21* 
9 F H F  172 ± 56 33 ± 48 
10    pyridin-4-yl 839 ± 66** 496 ± 50** 
11    2-fluoropyridin-4-yl 769 ± 64** 587 ± 15** 
12    pyridin-2-yl 396 ± 67** 95 ± 18* 
13    1H-indol-3-yl 396 ± 68** 41 ± 36 
14    thiophen-3-yl 486 ± 86** 193 ± 56** 
15    furan-3-yl 320 ± 59** 171 ± 33** 
16    benzo[d] [1,3]dioxol-5-yl 208 ± 87* 91 ± 15* 
DMEM cont      18 ± 18 
IDX cont     100 ± 57  
Aspirin (300 μM)     330 ± 15** 20 ± 17 
Glibenclamide (5 μM)     475 ± 21** 30 ± 35 
Pioglitazone (5 μM)     812 ± 49** 33 ± 16 
Dexamethasone (1 μM)      632 ± 43**  

a Values represent the means ± SD (n = 3, three independent experiments); *p ≤ 0.05 and **p ≤ 0.01. 
b In the adipogenic differentiation model of hBM-MSCs, cell culture supernatants were harvested and adiponectin biosynthesis-stimulating activity was measured by 

ELISA. 
c The leptin biosynthesis-stimulating activity of compound 1 and its derivatives was evaluated using hBM-MSCs cultured in DMEM. 
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bonds. In addition, compound 11-bound PPARγ-LBD model exhibited 
hydrophobic interactions with Arg 288 and His 449 (Fig. 5B). Therefore, 
the optimized docking model supported that compound 11 functioned 
as a PPARγ full agonist, similar to pioglitazone. 

Next, molecular interaction models of compound 11 or dexametha-
sone with GR-LBD were performed using the PDB GR protein structure 
6EL9, consisting of 12 α and 4 β helices [22]. Typically, the agonist 
binding to GR-LBD stabilized the active conformation of the AF-2 
domain of H3, H4, and H12 in GR, which is required to recruit 
various coactivator proteins such as SRC, and TIF-2 [23–25]. In the 
optimized docking model, dexamethasone interacted with GR-LDB via 
hydrogen bonds with Leu536, Asn 564, Gln 642 and Thr 739 and formed 

alkyl interactions with Met 601, Met 604, Leu 732, Tyr 735 and Cys 736. 
Ligand interactions with Tyr735 and Thr739 in GR-LBD are well-known 
features that distinguish between GR agonists and antagonists [26,27]. 
The interactions of agonists with both Tyr 735 and Thr 739 are essential 
for transactivating GR target genes. In contrast to GR agonists, GR an-
tagonists such as mifepristone lacked molecular interactions with 
Tyr735 and Thr739 [26]. In the docking model, interactions with both 
Tyr735 and Thr739 existed in the dexamethasone-bound GR-LBD 
(Fig. 5C). The molecular docking model of compound 11 against 
GR-LBD exhibited the typical features of GR agonists, such as dexa-
methasone. In particular, the nitrogen atom on the pyridine-4-yl group 
of compound 11 contributed to the formation of hydrogen bonds with 
Gln 642. Since Gln 642 was known to play an important role in the 
binding of GR agonists in mutagenesis studies [28], it can be inferred 
that pyridine-4-yl derivatives 10 and 11 had stronger leptin 
biosynthesis-stimulating activity than other compounds. Compound 11 
also formed not only hydrogen bonds with Gly 567, Met 646, and Thr 
739 but also exhibited hydrophobic interactions with Met 604 and Tyr 
735. In line with the experimental data, the molecular interaction model 
supported that compound 11 was a GR agonist. 

2.8. Anti-diabetic activity of compound 11 in a streptozotocin (STZ)- 
induced diabetic mouse model 

The adipocytokine biosynthesis-stimulating compound 11 has a 
polypharmacophore that binds to PPARγ and GR. Some patients with 
metabolic diseases experience hypoadiponectinemia and/or hypo-
leptinemia [29,30]. To further prove that adipocytokine 
biosynthesis-stimulating compound 11 has therapeutic potential in 
human metabolic diseases, the insulin-sensitizing activity of compound 
11 in the STZ-induced mouse model was investigated (Fig. 6). The sig-
nificant anti-diabetic activity was observed in the compound 11–treated 
group on the second day of treatment in a dose-dependent manner when 
compared with that in the vehicle-treated group (Fig. 6A). In general, 
serum lactate levels are chronically increased in diabetic patients with 
obesity when compared with those in healthy individuals; therefore, 
hyperlactatemia is associated with the onset of insulin resistance [31]. 
On the 5th day of daily treatment, compound 11 significantly down-
regulated serum lactate levels in a dose-dependent manner when 
compared with the vehicle control (Fig. 6B). These results showed that 
compound 11 could potentially reduce the risk of metabolic acidosis 
related to diabetic complications or medication such as metformin. 
Furthermore, compound 11 significantly increased serum adiponectin 
levels when compared with the control (Fig. 6C). Therefore, dual PPARγ 
and GR modulator compound 11 exhibits therapeutic potential to 
improve adverse outcomes of human metabolic diseases. 

2.9. Therapeutic potential of adipocytokine biosynthesis-stimulating 
PPARγ/GR dual modulators 

Compounds 10 and 11 exhibit a novel polypharmacological profile, 
i.e., PPARγ and GR dual agonists, and they have adiponectin and leptin 
biosynthesis-stimulating activities. The use of small molecules to pro-
mote adiponectin biosynthesis could ameliorate diabetes, non-alcoholic 
steatohepatitis (NASH), cardiovascular disease, and cancers associated 
with glucose and lipid metabolism [32]. Exogenous leptin treatment was 
shown to improve hyperglycemia and hyperketonemia in animal models 
[33] and had beneficial effects on various metabolic diseases, such as 
lipodystrophy and NASH [34]. In addition, the co-regulation of GR and 
PPARγ has beneficial effects on maintaining lipid homeostasis, owing to 
the balanced control between lipolysis and lipogenesis in adipocytes 
[35]. In the present study, compound 11 improved diabetic lactic 
acidosis in the STZ-induced diabetic mouse model. As adipocytokine 
biosynthesis-stimulating compounds, i.e., PPARγ and GR dual modula-
tors, compound 1 and its synthetic derivatives conclusively have ther-
apeutic potentials in diverse metabolic diseases. 

Fig. 2. The concentration-effect analysis of adipocytokine biosynthesis- 
stimulating compounds 10 and 11. The EC50 values for compounds 10 and 
11 were calculated in the concentration-dependent curve of adiponectin and 
leptin production-stimulating activities. (A) In the adipogenic differentiation 
model of hBM-MSCs, cell culture supernatants were harvested and adiponectin 
biosynthesis-stimulating activity was measured by ELISA. Pioglitazone (Pio) 
was used as a positive control. (B) The leptin biosynthesis-stimulating activity 
of compound 1 and its derivatives were evaluated using hBM-MSCs cultured in 
DMEM. Dexamethasone (Dexa) was used as a positive control. Values represent 
the means ± SD (n = 3). 
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Regarding to inflammation, PPARγ and GR dual modulators can 
induce additive or synergistic anti-inflammatory effects. Glucocorticoids 
are well-known anti-inflammatory compounds in general [36]. 
Recently, direct anti-inflammatory activity was reported in the study on 
the effects of PPARγ agonists on macrophage functions [37]. 
Co-modulation of PPARγ and GR resulted in the improvement of various 
inflammatory responses in animal models for atopic march and chronic 
gastric ulcer [38,39]. Notably, co-treatment of glucocorticoids and 
PPARγ agonists reportedly attenuates the major adverse effects of 
glucocorticoid treatment, such as skin barrier disruption, in animal 
models of dermatological diseases [40]. In addition, PPARγ ligands 
potentiated the therapeutic effect of glucocorticoids in nephrotic syn-
drome [41]. Accordingly, the therapeutic benefits of PPARγ and GR dual 
modulators should be further investigated in diverse disease models. 

As PPARγ and GR dual modulators, compound 1 and its synthetic 
derivatives exhibit non-thiazolidinedione PPARγ functions and non- 
steroidal GR agonistic activities. Several thiazolidinedione class PPAR 
agonists have been withdrawn owing to their serious adverse effects on 
diverse physiological systems [42,43]. Numerous studies have reported 
the discovery of non-thiazolidinedione PPARγ specific agonists, dual 
modulators, or pan-modulators, with the expectation of less serious side 
effects [44–46]. Notably, serious side effects related to glucocorticoid 
therapy could be improved by using the non-steroidal GR agonist 
functions of compound 1 and its synthetic derivatives. From this toxi-
cological perspective, compound 1 and its synthetic derivatives should 
be validated in future research. 

3. Conclusions 

Herein, a novel PPARγ and GR dual modulator was discovered from 
the structure activity relationship study of compound 1 derived from 
P. heyneanus. Compound 1 and its synthetic derivatives had adipocyto-
kine biosynthesis-stimulating effects in hBM-MSCs. Among synthetic 
derivatives, compound 11 exhibited the most potent adiponectin and 
leptin biosynthesis-stimulating activities and following target identifi-
cation elucidated its pharmacological mechanism as a PPARγ and GR 
dual modulator. Compound 11 improved hyperglycemic conditions and 
serum adiponectin profiles in the STZ-induced diabetic mice. Notably, 
compound 1 and its synthetic derivatives provide a novel pharmaco-
phore for PPARγ and GR dual modulators with therapeutic potential for 
human metabolic diseases. To develop these PPARγ and GR dual mod-
ulators as novel therapeutics for human metabolic diseases, further 
studies will be needed in terms of efficacy and toxicity in the future. 

4. Experimental section 

4.1. General methods 

All chemicals and solvents used in the reaction were purchased from 
Sigma− Aldrich, TCI, and Acros and were used without further purifi-
cation. Reaction progress was monitored by TLC on pre-coated silica gel 
plates with silica gel 60F254 (Merck; Darmstadt, Germany) and visual-
ized by UV254 light and/or KMnO4 staining for detection purposes. 
Column chromatography was performed on silica gel (Silica gel 60; 
230–400 mesh ASTM, Merck, Darmstadt, Germany). Nuclear magnetic 
resonance (NMR) spectra were recorded at room temperature on a 
BRUKER BioSpin AVANCE 300 MHz NMR (1H, 300 MHz; 13C, 75 MHz) 
or a Bruker UltraShield 600 MHz Plus (1H, 600 MHz; 13C, 150 MHz) 
spectrometer. All chemical shifts are reported in parts per million (ppm) 
from tetramethylsilane (δ = 0) and were measured relative to the solvent 
in which the sample was analyzed (CDCl3: δ 7.26 for 1H NMR, δ 77.0 for 
13C NMR; DMSO− d6: δ 2.50 for 1H NMR, δ 39.52 for 13C NMR). The 1H 
NMR shift values are reported as chemical shift (δ), the corresponding 
integral, multiplicity (s = singlet, br = broad, d = doublet, t = triplet, q 
= quartet, m = multiplet, dd = doublet of doublets), coupling constant 
(J in Hz) and assignments. High resolution mass spectra (HRMS) were 
recorded on an Agilent 6530 Accurate Mass Q-TOF LC/MS spectrometer. 
Melting point of the final compounds was measured by hot stage mi-
croscopy using a Linkam THMS600 variable temperature stage (Linkam 
Instruments, Tadworth, U.K.) with a polarizing optical microscope, 
NIKON Eclipse LV100POL (NIKON, NY, USA) equipped with a Nikon DS- 
Fi1 camera and Nikon NIS-Elements BR software (ver. 4.00.06) and 
Linksys 32 software data capture system (Linkam Instruments, Tad-
worth, U.K). The purity of the final compounds was measured by 
analytical RP-HPLC on an Agilent 1260 Infinity (Agilent) with a C18 
column (Phenomenex, 150 mm × 4.6 mm, 3 μm, 110 Å). RP-HPLC was 
performed on two different solvent systems using the following isocratic 
conditions: for method A, the mobile phase was ACN and water (50:50, 
v/v, 0.1% TFA); for method B, the mobile phase was ACN and water 
(40:60, v/v, 0.1% TFA); for method C, the mobile phase was ACN and 
water (30:70, v/v, 0.1% TFA); for method D, the mobile phase was ACN 
and water (15:85, v/v, 0.1% TFA); for method E, the mobile phase was 
MeOH and water (70:30, v/v, 0.1% FA); for method F, the mobile phase 
was MeOH and water (65:35, v/v, 0.1% FA); for method G, the mobile 
phase was MeOH and water (60:40, v/v, 0.1% FA); for method H, the 
mobile phase was MeOH and water (50:50, v/v, 0.1% FA); for method I, 
the mobile phase was MeOH and water (30:70, v/v, 0.1% FA). All 
compounds were eluted with a flow rate of 1.0 mL/min (method A to D) 
or 0.7 mL/min (method E to I) and monitored using a UV detector: 254 

Fig. 3. The target identification of compounds 10 and 11. (A) Competitive radioligand binding assays of nuclear receptor (PPARα, PPARγ, PPARδ, and GR) were 
performed for compounds 10 and 11. The positive controls were WY-14643 for PPARα, rosiglitazone (Rosi) for PPARγ, L-783483 for PPARδ, and dexamethasone 
(Dexa) for GR. The concentration-dependent binding activities of compounds 10 and 11 were determined with radioligand binding assays for GR (B) and PPARγ (C). 
Ki values of compounds 10 and 11 were calculated by the Cheng and Prusoff equation. (D) The kinase activity was evaluated by measuring the γ-32P-ATP incor-
poration to CDK complexes. The inhibitory activities of compounds 10 and 11 on the phosphorylation of CDK5/p25 and CDK5/p35 were tested at each Km ATP 
concentration. DMSO was included in each negative control. Values represent the means ± SD (n = 3); *p ≤ 0.05 and **p ≤ 0.01. 
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nm. All compounds are >97% pure by RP-HPLC. 

4.2. General procedure for the synthesis of chalcone analogs from 
dehydroacetic acid and aldehydes 

To a solution of dehydroacetic acid (0.01 mol, 1.68 g) in chloroform 
(25 mL) were added appropriate aldehyde (0.01 mol) and piperidine 
(0.008 mol). The action mixture was stirred under reflux at 80 ◦C for 5 
h–21 h until TLC analysis indicated complete conversion. The precipi-
tate was filtered, washed several times with ethanol and ether. The 
filtrate was crystallized from an appropriate solvent (chloroform, 
ethanol, ether) to give the corresponding chalcone compound. 

4.2.1. (E)-4-Hydroxy-3-(3-(4-hydroxy-3-methoxyphenyl)acryloyl)-6- 
methyl-2H-pyran-2-one (1) 

Aldehyde: 4-Hydroxy-3-methoxybenzaldehyde, Reaction time: 8 h, 
Crystallization solvent: Chloroform, Rf = 0.21 (Hex: EA = 3:2), Yield: 

68%, Yellow powder, m.p: 250–252 ◦C, 1H NMR (600 MHz, DMSO− d6) δ 
9.95 (s, 1H), 8.02 (d, J = 15.6 Hz, 1H), 7.90 (d, J = 15.6 Hz, 1H), 
7.30–7.21 (m, 2H), 6.87 (d, J = 8.2 Hz, 1H), 6.26 (s, 1H), 3.82 (s, 3H), 
2.26 (s, 3H); 13C NMR (75 MHz, DMSO− d6): δ 191.95, 151.18, 148.45, 
147.29, 126.33, 124.19, 119.43, 116.53, 113.10, 102.56, 56.11, 20.51; 
HRMS m/z calculated for C16H14O6 [M + H]+: 303.0863, found: 
303.0811; >97% purity (as determined by RP-HPLC, method B, tR =

10.53 min, method G, tR = 11.56 min). 

4.2.2. (E)-3-(3-(3,4-Dihydroxyphenyl)acryloyl)-4-hydroxy-6-methyl-2H- 
pyran-2-one (2) 

Aldehyde: 3,4-Dihydroxybenzaldehyde, Reaction time: 10 h, Crys-
tallization solvent: Ethanol, Rf = 0.22 (Hex: EA = 3:2), Yield: 44%, 
Orange powder, m.p: 256–258 ◦C, 1H NMR (600 MHz, DMSO− d6) δ 7.97 
(d, J = 15.6 Hz, 1H), 7.82 (d, J = 15.6 Hz, 1H), 7.18 (d, J = 2.0 Hz, 1H), 
7.06 (dd, J = 8.2, 2.0 Hz, 1H), 6.81 (d, J = 8.2 Hz, 1H), 6.25 (s, 1H), 2.25 
(s, 3H); 13C NMR (75 MHz, DMSO− d6): δ 196.59, 188.11, 174.56, 
155.29, 152.25, 151.16, 131.13, 129.12, 123.68, 121.24, 119.49, 
107.44, 103.90, 25.23; HRMS m/z calculated for C15H12O6 [M + H]+: 
289.0707, found: 289.0710; >97% purity (as determined by RP-HPLC, 
method B, tR = 6.14 min, method G, tR = 8.63 min). 

4.2.3. (E)-3-(3-(3,4-Dimethoxyphenyl)acryloyl)-4-hydroxy-6-methyl-2H- 
pyran-2-one (3) 

Aldehyde: 3,4-Dimethoxybenzaldehyde, Reaction Time: 12 h, Crys-
tallization solvent: Ethanol, Rf = 0.25 (Hex: EA = 3:2), Yield: 39%, 
Orange powder, m.p: 224–226 ◦C, 1H NMR (600 MHz, CDCl3) δ 8.21 (d, 
J = 15.6 Hz, 1H), 7.96 (d, J = 15.6 Hz, 1H), 7.29 (dd, J = 8.3, 1.9 Hz, 
1H), 7.22 (d, J = 1.9 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 5.96 (d, J = 0.6 
Hz, 1H), 3.96 (s, 3H), 3.94 (s, 3H), 2.28 (d, J = 0.6 Hz, 3H); 13C NMR 
(75 MHz, CDCl3): 192.35, 183.35, 168.28, 161.43, 152.10, 149.27, 
146.75, 127.83, 124.47, 120.51, 111.01, 110.46, 102.46, 99.29, 56.02, 
55.96, 20.61; HRMS m/z calculated for C17H16O6 [M − H]-: 315.0874, 
found: 315.0862; >97% purity (as determined by RP-HPLC, method B, 
tR = 18.06 min, method G, tR = 16.60 min). 

4.2.4. (E)-3-Cinnamoyl-4-hydroxy-6-methyl-2H-pyran-2-one (4) 
Aldehyde: Benzaldehyde, Reaction time: 12 h, Crystallization sol-

vent: Ethanol, Rf = 0.24 (Hex: EA = 3:1), Yield: 45%, Yellow powder, m. 
p: 132–134 ◦C, 1H NMR (600 MHz, CDCl3) δ 8.32 (d, J = 15.7 Hz, 1H), 
7.97 (d, J = 15.7 Hz, 1H), 7.72–7.66 (m, 2H), 7.45–7.39 (m, 3H), 5.97 
(d, J = 0.6 Hz, 1H), 2.28 (d, J = 0.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): 
192.81, 183.17, 168.66, 161.27, 146.36,134.73, 131.12, 129.20, 
128.96, 123.02, 102.42, 99.49, 20.66; HRMS m/z calculated for 
C15H12O4 [M − H]-: 256.0736, found: 256.0731; >97% purity (as 
determined by RP-HPLC, method A, tR = 11.67 min, method E, tR = 9.84 
min). Analytical data were the same as previously reported [47]. 

4.2.5. (E)-3-(3-(3,4-Dimethylphenyl)acryloyl)-4-hydroxy-6-methyl-2H- 
pyran-2-one (5) 

Aldehyde: 3,4-Dimethylbenzaldehyde, Reaction time: 5 h, Crystalli-
zation solvent: Ether, Rf = 0.21 (Hex: EA = 3:1), Yield: 36%, Yellow 
powder, m.p: 108–110 ◦C, 1H NMR (600 MHz, CDCl3) δ 8.25 (d, J =
15.7 Hz, 1H), 7.93 (d, J = 15.7 Hz, 1H), 7.45 (d, J = 1.5 Hz, 1H), 7.42 
(dd, J = 7.8, 1.5 Hz, 1H), 7.16 (d, J = 7.8 Hz, 1H), 5.93 (d, J = 0.6 Hz, 
1H), 2.29 (s, 6H), 2.26 (d, J = 0.6 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 
205.26, 192.67, 183.32, 181.09, 169.10, 168.44, 161.30, 146.94, 
140.78, 137.30, 132.43, 130.28, 127.14, 121.57, 102.54, 101.45, 99.37, 
30.07, 20.66, 19.98, 19.70; HRMS m/z calculated for C17H16O4 [M +
H]+: 285.1122, found: 285.1127; >97% purity (as determined by RP- 
HPLC, method C, tR = 5.86 min, method H, tR = 5.32 min). Analytical 
data were the same as previously reported [47]. 

4.2.6. (E)-3-(3-(4-Fluoro-3-methoxyphenyl)acryloyl)-4-hydroxy-6- 
methyl-2H-pyran-2-one (6) 

Aldehyde: 4-Fluoro-3-methoxybenzaldehyde, Reaction time: 12 h, 

Fig. 4. Evaluation of the PPARγ full agonism and GR full agonism of com-
pounds 10 and 11. Adipocytokines production-stimulating activities were 
validated by co-treatment of compounds 10 or 11 in the presence of agonist or 
antagonist of the nuclear receptor. (A, B) Pioglitazone (Pio) is an agonist of 
PPARγ and T0070907 is an antagonist of PPARγ. (C, D) Dexamethasone (Dexa) 
is an agonist of GR and mifepristone is an antagonist of GR. The level of adi-
pocytokines was measured by ELISA. Values represent the means ± SD (n = 3). 
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Crystallization solvent: Ether, Rf = 0.14 (Hex: EA = 5:1), Yield: 36%, 
Yellow powder, m.p: 174–176 ◦C, 1H NMR (600 MHz, CDCl3) δ 8.23 (d, 
J = 15.7 Hz, 1H), 7.89 (d, J = 15.7 Hz, 1H), 7.26–7.23 (m, 2H), 
7.16–7.07 (m, 1H), 5.97 (s, 1H), 3.96 (s, 3H), 2.29 (s, 3H); 13C NMR (75 
MHz, CDCl3): 192.60, 183.12, 168.74, 161.34, 148.18, 145.33, 131.47, 
131.42, 123.11, 123.02, 122.79, 122.76, 116.68, 116.43, 113.03, 
113.00, 102.41, 99.44, 56.30, 20.68; HRMS m/z calculated for 
C15H12FO5 [M + H]+: 305.0819, found: 305.0821; >97% purity (as 
determined by RP-HPLC, method A, tR = 12.06 min, method F, tR =

14.43 min). 

4.2.7. (E)-3-(3-(4-Fluorophenyl)acryloyl)-4-hydroxy-6-methyl-2H-pyran- 
2-one (7) 

Aldehyde: 4-Fluorobenzaldehyde, Reaction time: 21 h, Crystalliza-
tion solvent: Ethanol, Rf = 0.25 (Hex: EA = 6:1), Yield: 36%, Ivory 
powder, m.p: 132–134 ◦C, 1H NMR (300 MHz, CDCl3): 8.24 (d, J = 15.6 
Hz, 1H), 7.91 (d, J = 15.6 Hz, 1H), 7.70–7.66 (m, 2H), 7.13–7.08 (m, 
2H), 5.96 (s, 1H), 2.28 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 192.68, 
183.13, 168.75, 161.27, 144.92, 131.23, 131.12, 122.81, 116.33, 
116.04, 102.39, 20.67 (CH3); HRMS m/z calculated for C15H11FO4 [M +
H]+: 275.0714, found: 275.0830; >97% purity (as determined by RP- 
HPLC, method A, tR = 12.01 min, method F, tR = 14.29 min). Analyt-
ical data were the same as previously reported [47]. 

4.2.8. (E)-3-(3-(3,4-Difluorophenyl)acryloyl)-4-hydroxy-6-methyl-2H- 
pyran-2-one (8) 

Aldehyde: 3,4-Difluorobenzaldehyde, Reaction time: 15 h, Crystal-
lization solvent: Ethanol, Rf = 0.17 (Hex: EA = 5:1), Yield: 45%, Yellow 
powder, m.p: 176–178 ◦C, 1H NMR (300 MHz, CDCl3): δ 8.24 (d, J =
15.8 Hz, 1H), 7.84 (d, J = 15.8 Hz, 1H), 7.56–7.49 (m, 1H), 7.45–7.41 

(m, 1H), 7.28–7.18 (m, 1H), 5.99 (s, 1H), 2.32 (s, 3H); 13C NMR (75 
MHz, CDCl3); 192.51, 182,98, 169,05, 161.22, 143.49, 132.03, 125.84, 
124.15, 117.96, 117.84, 117.36, 117.24, 102.27, 99.51, 20.71; HRMS 
m/z calculated for C15H10F2O4 [M + H]+: 293.0619, found: 293.0617; 
>97% purity (as determined by RP-HPLC, method A, tR = 13.43 min, 
method F, tR = 16.52 min). Analytical data were the same as previously 
reported [47]. 

4.2.9. (E)-3-(3-(3,5-Difluorophenyl)acryloyl)-4-hydroxy-6-methyl-2H- 
pyran-2-one (9) 

Aldehyde: 3,5-Difluorobenzaldehyde, Reaction time: 17 h, Crystal-
lization solvent: Ethanol, Rf = 0.20 (Hex: EA = 5:1), Yield: 47%, Yellow 
powder, m.p: 182–184 ◦C, 1H NMR (300 MHz, DMSO− d6): 8.11 (d, J =
15.6 Hz, 1H), 7.83 (d, J = 15.9 Hz, 1H), 7.50–7.48 (m, 2H), 7.39–7.38 
(m, 1H), 6.36 (s, 1H), 2.29 (s, 3H); 13C NMR (75 Hz, CDCl3): δ 192.54, 
182.88, 169.25, 161.12, 143.01, 142.97, 137.98, 125.78, 111.68, 
111.34, 105.98, 102.16, 99.63, 20.73; HRMS m/z calculated for 
C15H10F2O4 [M + H]+: 293.0619, found: 293.0616; >97% purity (as 
determined by RP-HPLC, method A, tR = 14.08 min, method E, tR =

11.47 min). 

4.2.10. (E)-4-Hydroxy-6-methyl-3-(3-(pyridine-4-yl)acryloyl)-2H-pyran- 
2-one (10) 

Aldehyde: 4-Pyridinecarboxaldehyde, Reaction time: 12 h, Crystal-
lization solvent: Chloroform/Ether, Rf = 0.26 (Hex:EA = 2:3), Yield: 
50%, Yellow powder, m.p: 158–160 ◦C, 1H NMR (600 MHz, CDCl3) δ 
8.69 (dd, J = 4.5, 1.6 Hz, 2H), 8.43 (d, J = 15.8 Hz, 1H), 7.80 (d, J =
15.8 Hz, 1H), 7.51 (dd, J = 4.5, 1.6 Hz, 2H), 6.00 (s, 1H), 2.31 (s, 3H); 
13C NMR (75 MHz, CDCl3): 192.60, 182.83, 169.47, 161.10, 150.65, 
142.43, 141.82, 127.65, 122.40, 102.11, 99.73, 20.77; HRMS m/z 

Fig. 5. Molecular docking modes of compound 11 
against human PPARγ and GR structures. The ligand- 
receptor interactions for PPARγ were analyzed with 
the structure acquired from the RCSB PDB ID 2PRG 
with the BIOVIA Discovery Studio software. Opti-
mized binding modes of PPARγ with pioglitazone (A) 
and compound 11 (B). The GR interaction models for 
dexamethasone (C) and compound 11 (D) were 
analyzed with RCSB PDB ID 6EL9. Optimized binding 
modes between ligands and protein structures were 
visualized using BIOVIA Discovery Studio software.   

Fig. 6. Effects of compound 11 on STZ-induced dia-
betic mice. STZ-induced diabetic C57BL/6J mice 
were orally administered with a vehicle, glibencla-
mide (Gliben) as a positive anti-diabetic control or 
compound 11 for 5 days. (A) On the 2nd day of the 
administration, serum glucose level was measured 
just before drug treatment (0 h), and at 1 and 4 h after 
drug treatment (n = 7, mean ± SD, **p ≤ 0.01). (B) 
Serum lactate level was measured on the 5th day of 
drug treatment (n = 7, mean ± SD, *p ≤ 0.05, **p ≤
0.01). (C) Serum adiponectin level was also quanti-
fied on the 5th day of drug treatment (n = 4 in the 
group treated with 25 mg/kg of compound 11, n = 7 
in the other groups, mean ± SD, *p ≤ 0.05).   
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calculated for C14H11NO4 [M + H]+: 258.0760, found: 258.0763; >97% 
purity (as determined by RP-HPLC, method D, tR = 7.89 min, method I, 
tR = 8.83 min). 

4.2.11. (E)-3-(3-(2-Fluoropyridin-4-yl)acryloyl)-4-hydroxy-6-methyl-2H- 
pyran-2-one (11) 

Aldehyde: 2-Fluoropyridine-4-carboxaldehyde, Reaction time: 7 h, 
Crystallization solvent: Ether, Rf = 0.19 (Hex: EA = 5:2), Yield: 31%, 
Yellow powder, m.p: 204–206 ◦C, 1H NMR (600 MHz, CDCl3) δ 8.42 (d, 
J = 15.8 Hz, 1H), 8.29 (d, J = 5.2 Hz, 1H), 7.77 (d, J = 15.8 Hz, 1H), 
7.41 (d, J = 5.2 Hz, 1H), 7.13 (s, 1H), 6.02 (s, 1H), 2.32 (s, 3H); 13C NMR 
(150 MHz, CDCl3) δ 192.37, 182.70, 169.71, 164.45 (d, J = 238 Hz), 
161.04, 148.44, 147.47, 140.57, 128.88, 120.00, 108.52 (d, J = 38 Hz), 
102.01, 99.76, 20.77; HRMS m/z calculated for C14H10FNO4 [M + H]+: 
276.0666, found: 276.0650; >97% purity (as determined by RP-HPLC, 
method B, tR = 10.76 min, method G, tR = 8.67 min). 

4.2.12. (E)-4-hydroxy-6-methyl-3-(3-(pyridin-2-yl)acryloyl)-2H-pyran-2- 
one (12) 

Aldehyde: 3-Pyridinecarboxaldehyde, Reaction time: 12 h, Crystal-
lization solvent: Chloroform/Ether, Rf = 0.26 (Hex: EA = 2:3), Yield: 
40%, Brown powder, m.p: 144–146 ◦C, 1H NMR (600 MHz, CDCl3) δ 
8.71 (s, 1H), 8.60 (d, J = 15.6 Hz, 1H), 7.93 (d, J = 15.6 Hz, 1H), 7.74 
(dd, J = 7.8, 7.0 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.29 (d, J = 7.0 Hz, 
1H), 5.98 (s, 1H), 2.29 (s, 3H); 13C NMR (75 MHz, CDCl3): 192.60, 
182.83, 169.47, 161.10, 150.65, 142.43, 141.82, 127.65, 122.40, 
102.11, 99.73, 20.77; HRMS m/z calculated for C14H11NO4 [M + H]+: 
258.0760, found: 258.0763; >97% purity (as determined by RP-HPLC, 
method D, tR = 13.65 min, method H, tR = 11.19 min). 

4.2.13. (E)-3-(3-(1H-Indol-3-yl)acryloyl)-4-hydroxy-6-methyl-2H-pyran- 
2-one (13) 

Aldehyde: 1H-indole-3-carbaldehyde, Reaction time: 17 h, Crystal-
lization solvent: Ethyl acetate, Rf = 0.22 (Hex: EA = 7:3), Yield: 65%, 
Red powder, m.p: 264–266 ◦C, 1H NMR (300 MHz, DMSO− d6): 12.23 (s, 
1H, NH), 8.29–8.15 (m, 3H), 7.97 (d, J = 3.0 Hz, 1H), 7.54 (d, J = 9.0 
Hz, 1H), 7.31–7.28 (m, 2H), 6.13 (s, 1H), 2.22 (s, 3H); 13C NMR (75 
MHz, DMSO− d6): 190.66, 183.63, 161.86, 141.47, 138.42, 136.34, 
125.25, 123.71, 122.29, 120.58, 114.23, 113.39, 103.90, 98.99, 20.35; 
HRMS m/z calculated for C17H13NO4 [M + H]+: 296.0917, found: 
296.0901; >97% purity (as determined by RP-HPLC, method B, tR =

19.32 min, method G, tR = 18.55 min). 

4.2.14. (E)-4-Hydroxy-6-methyl-3-(3-(thiophen-3-yl)acryloyl)-2H-pyran- 
2-one (14) 

Aldehyde: Thiophene-3-carbaldehyde, Reaction time: 16 h, Crystal-
lization solvent: Ethanol, Rf = 0.21 (Hex: EA = 3:1), Yield: 37%, Orange 
powder, m.p: 174–176 ◦C, 1H NMR (300 MHz, CDCl3): 8.12 (d, J = 15.6 
Hz, 1H), 7.96 (d, J = 15.6 Hz, 1H), 7.68 (s, 1H), 7.49 (d, J = 5.4 Hz, 1H), 
7.37 (d, J = 5.4 Hz, 1H), 5.96 (s, 1H), 2.28 (s, 3H); 13C NMR (75 MHz, 
CDCl3): δ 192.90, 183.18, 168.51, 161.26, 138.64, 130.53, 127.07, 
125.95, 122.64, 102.46, 99.38, 20.64; HRMS m/z calculated for 
C13H10O4S [M + H]+: 263.0372, found: 263.0357; >97% purity (as 
determined by RP-HPLC, method B, tR = 21.92 min, method G, tR =

16.91 min). 

4.2.15. (E)-3-(3-(furan-3-yl)acryloyl)-4-hydroxy-6-methyl-2H-pyran-2- 
one (15) 

Aldehyde: Furan-3-carbaldehyde, Reaction time: 6 h, Crystallization 
solvent: ethanol; Rf = 0.21 (Hex: EA = 3:1), Yield 38%, Orange powder, 
m.p: 176–178 ◦C, 1H NMR (300 MHz, CDCl3): 8.02 (d, J = 15.6 Hz, 1H), 
7.89 (d, J = 15.6 Hz, 1H), 7.77 (s, 1H), 7.47 (s, 1H), 6.79 (s, 1H), 5.95 (s, 
1H), 2.28 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 192.52, 183.21, 168.50, 
161.23, 146.35, 144.66, 136.45, 123.66, 122.74, 107.97, 102.44, 99.18, 
20.62; HRMS m/z calculated for C13H10O5 [M + H]+: 247.0600, found: 
247.0603; >97% purity (as determined by RP-HPLC, method B, tR =

14.16 min, method G, tR = 14.16 min). 

4.2.16. (E)-3-(3-(Benzo[d] [1,3]dioxol-5-yl) 
acryloyl)-4-hydroxy-6-methyl-2H-pyran-2-one (16) 

Aldehyde: Benzo[d] [1,3]dioxole-5-carbaldehyde, Reaction time: 10 
h, Crystallization solvent: Ethanol, Rf = 0.21 (Hex: EA = 5:1), Yield: 
33%, Yellow powder, m.p: 198–200 ◦C, 1H NMR (600 MHz, CDCl3) δ 
8.15 (d, J = 15.6 Hz, 1H), 7.90 (d, J = 15.6 Hz, 1H), 7.23 (d, J = 1.5 Hz, 
1H), 7.17 (dd, J = 8.0, 1.5 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 6.04 (s, 2H), 
5.95 (s, 1H), 2.28 (s, 3H); 13C NMR (75 MHz, CDCl3): 192.43, 183.32, 
168.40, 148.50, 146.42, 129.36, 126.38, 120.85, 108.66, 107.41, 
102.57, 101.76, 20.65; HRMS m/z calculated for C16H12O6 [M + H]+: 
301.0707, found: 301.0710; >97% purity (as determined by RP-HPLC, 
method A, tR = 10.10 min, method E, tR = 9.91 min). 

4.3. Cell growth and the adipogenic differentiation of hBM-MSCs 

The hBM-MSCs were commercially acquired from Lonza (Walkers-
ville, MD, USA) and cultured with the Dulbecco’s Modified Eagle’s 
Medium (DMEM, glucose 1 g/L), 1% penicillin-streptomycin (Invi-
trogen, Carlsbad, CA, USA), 1% Glutamax™ (Invitrogen), and 10% fetal 
bovine serum (FBS). The adipogenesis-inducing chemical cocktail was 
prepared by mixing DMEM (glucose 4.5 g/L) with 10 μg/ml of insulin, 
0.5 μM of dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) 
(IDX), 10% FBS and 1% penicillin-streptomycin. Aspirin, glibenclamide, 
dexamethasone, pioglitazone, WY-14643, rosiglitazone, mifepristone, 
IBMX, and insulin were acquired from Sigma-Aldrich (St. Louis, MO, 
USA). T0070907 was purchased from Tocris Bioscience (Bristol, U.K.). 
The media were replaced every 3rd day during the adipocyte 
differentiation. 

4.4. Oil red O and hematoxylin staining and quantification 

To measure the level of the adipogenesis of hBM-MSCs, Oil red O and 
hematoxylin staining was performed [48,49]. The cells were rinsed 
twice with phosphate-buffered saline (PBS) solution and fixed with 10% 
of neutral buffered formalin (pH 7.4) for 40 min. The fixed cells were 
washed with 60% of isopropyl alcohol solution and dried completely. 
The lipid droplets of fixed cells were stained with 0.2% ORO solution for 
15 min at room temperatures and rinsed three times with tap water. To 
evaluate the lipid formation, ORO stained cells were dissolved using 
100% isopropanol solution for 10 min at 25 ◦C and the absorbance was 
evaluated using a spectrometer at 540 nm. To visualize the nucleus of 
the fixed cells, a hematoxylin reagent was used for 30 s and washed with 
tap water three times. The stained cells were photographed using 
Eclipsed TS100 inverted microscope (Nikon Co., Tokyo, Japan). 

4.5. Adipocytokine enzyme-linked immunosorbent assay (ELISA) 

For quantifying the adiponectin and leptin levels of hBM-MSCs su-
pernatants, Quantikine™ immunoassay kits (R&D systems, Minneap-
olis, NM, USA) were used. The quantification of adiponectin and leptin 
level was evaluated with an instrumental setting as described previously 
[50–52]. 

4.6. Nuclear receptor (NR) binding assays and in vitro kinase inhibition 
assays 

Human PPARα, PPARγ, PPARδ, and GR radioligand binding assay 
was performed as previously described [53–56]. The radioligands 200 
nM [3H] WY14643, 5 nM [3H] rosiglitazone, 2.5 nM [3H] L-783483, and 
5 nM [3H] dexamethasone were used to identify a series of PPARα, 
PPARγ, PPARδ, and GR ligands, respectively. The IC50 values were 
calculated by a non-linear, least squares regression analysis using 
MathIQ™ (ID Business Solutions Ltd., UK) and the Ki values were 
determined using the equation of Cheng and Prusoff. The kinase 
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inhibition assay was performed as previously described [57]. γ32P-ATP 
and histone H1 were co-incubated with human CDK5/p25 and 
CDK5/p35. When the magnesium ATP mixture was added, the reaction 
was initiated. After incubation at room temperature for 40 min, the 
reaction was terminated by adding 3% phosphoric acid solution. 10 μl of 
the reaction mixture was spotted on the P30 filtermat (PerkinElmer, 
Richmond, CA, USA) and the membrane was washed three times for 5 
min using 75 mM phosphoric acid and once for 5 min using methanol. 
The filtermat was dried at 27 ◦C for 1hr and the radioactivity was 
measured by a liquid scintillation counter (Beckman Coulter, Indian-
apolis, IN, USA). 

4.7. Animal experiments 

All animal experiments were performed according to protocols 
approved and reviewed by the Institutional Animal Care and Use 
Committee in Sahmyook University in accordance with the Animal Care 
and Use Guidelines of Sahmyook University. In 5-week-old male C57BL/ 
6J mice, diabetes was induced by a single intraperitoneal injection of 
180 mg/kg of STZ. From the 7th day after the STZ administration, 
plasma glucose level was evaluated daily for 3 consecutive days after 2 h 
of fasting. The plasma glucose level was determined using a portable 
glucose meter Accu-Check Active (Boehringer-Mannheim Biochemicals, 
Indianapolis, IN, USA). STZ-induced diabetic mice were defined as 
plasma glucose values above 300 mg/dL. To investigate the antidiabetic 
activity, seven STZ-induced diabetic mice were randomly chosen in each 
experimental group. 0.5% carboxymethylcellulose (CMC) was used for 
formulating drugs and control groups were administered vehicle. Before 
the drug treatment, plasma glucose level was measured again at 2 h after 
fasting and drug candidates were administered orally. On the fifth day, 
plasma glucose concentration was evaluated just before drug treatment 
(0 h) and 1and 4h after drug treatment. The blood samples were ac-
quired through the tail vein with heparinized syringes. Plasma lactate 
levels were evaluated with a lactate assay kit (MAK064, Sigma-Aldrich) 
and serum adiponectin and leptin levels were measured with Quanti-
kine™ immunoassay kits (R&D systems, Minneapolis, NM, USA) for a 
mouse. 

4.8. Molecular modeling 

The ligand-receptor interaction modeling was performed using Dis-
covery Studio software (Dassault Systèmes, BIODIVA Corporation, San 
Diego, CA, USA). The docking sites of receptor and ligands were set as a 
sphere, radius 20 Å at the optimal ligand binding site. The protein 
crystal structures of PPARγ and GR LBD were acquired from the RCSB 
PDB (PDB ID: 2PRG, and 6EL9). From the top 10 binding modes of each 
ligand-receptor interaction, binding modes with the lowest CDOCKER 
energy for each PPARγ and GR were selected for analysis of interaction 
modes. 

4.9. Statistical analysis 

RStudio® for Windows (RStudio Inc., Boston, MA, USA) was used for 
statistical analysis. The means ± standard deviation (SD) from three 
independent experiments was used for data presentation. Statistical 
significance was determined by one-way analysis of variance (ANOVA) 
and post-hoc tests. The threshold of significance was established at *P ≤
0.05 and **P ≤ 0.01. 
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